Abstract HLA matching between donors and recipients is the most important factor associated with acute graftversus-host disease (GVHD) following allogeneic hematopoietic stem cell transplantation. With improvements in GVHD prophylaxis and supportive care, transplantations from HLA mismatched donors are performed increasingly frequently, drawing greater attention to the effects of HLA mismatch. In related transplantation, HLA 1-antigen mismatch at the HLA-A, HLA-B, and HLA-DR loci is considered acceptable, but the incidence of severe acute GVHD under standard prophylaxis is higher than that for matched related and unrelated transplantation, highlighting the need for a modification of GVHD prophylaxis. Development of new GVHD prophylaxes has now made HLA 2-3-antigen mismatched related transplantation feasible, and has almost overcome the HLA barrier. In unrelated bone marrow or peripheral blood stem cell transplantation, donors matched for HLA-A, HLA-B, HLA-C, and HLA-DRB1 alleles are the most preferable. The impact of allele or antigen mismatch has been evaluated in a number of studies, but the results of these have not been consistent, partly due to differences in race and HLA distribution. The effects of HLA mismatch may differ depending on the year of transplantation and the form of GVHD prophylaxis administered. In cord blood transplantation, successful transplantation can be achieved with up to two HLA mismatches. In children, compared to the use of HLA mismatched units, the use of HLA-matched units is associated with a lower risk of acute GVHD and mortality, while in adults HLA mismatches may have a lower impact on outcome. Thus, the effect of HLA matching should be evaluated separately for different stem cell sources.
Introduction
An HLA-identical sibling is the ideal donor in allogeneic hematopoietic stem cell transplantation (HSCT) because the risk of allo-immune complications is directly correlated to the number of HLA mismatches between donor and recipient [1] [2] [3] . The effects of the immune reaction caused by HLA mismatch differ depending on whether the mismatch is in the graft-versus-host (GVH) or host-versus-graft (HVG) direction. The presence of HLA mismatches in the GVH direction is associated with a higher incidence of graft-versus-host disease (GVHD), as a mismatched antigen in the GVH direction can be a major target for donor T cells. On the other hand, the presence of HLA mismatches in the HVG direction is associated with a higher incidence of rejection, as a mismatched antigen in the HVG direction can be a major target for the remaining recipient T cells.
For patients who lack an HLA-identical sibling, an HLA-matched unrelated donor (MUD) is the preferred alternative donor [4] [5] [6] . Outcomes of HSCT from HLA-A, HLA-B, and HLA-DR antigen-matched MUD were inferior to those of HSCT from an HLA-identical sibling, due to the high incidence of severe acute GVHD and treatmentrelated mortality [3] . However, thanks to an improved understanding of the importance of HLA matching at the allele level for HLA-A, HLA-B, HLA-C, and HLA-DRB1/ DQB1 loci, the outcomes of MUD transplantation have significantly improved and now are comparable to those of HSCT from an HLA-identical sibling [7] [8] [9] .
Thus, HLA matching is of utmost importance for better outcomes following HSCT, although it is difficult to find an MUD for patients with rare HLA haplotypes. Recently, unrelated cord blood (UCB) has emerged as a promising alternative source for both pediatric and adult patients [10] [11] [12] [13] [14] . In UCB transplantation (UCBT) with standard GVHD prophylaxis, the incidence of acute GVHD was comparable to or even lower than that in HSCT from an HLA-identical sibling or HLA-MUD despite multiple HLA mismatches between recipients and UCB units, suggesting that the HLA barrier may differ by stem cell source. In this review, we will discuss the effect of HLA mismatch on acute GVHD risk for different stem cell sources.
Effects of HLA mismatch in related transplantation

HLA 1-antigen mismatched related transplantation
The impact of HLA mismatch in the GVH or HVG direction in related HSCT was first shown by Anasetti et al. [1, 2] . They analyzed data from 1,248 patients who received transplants from HLA-matched or mismatched related donors between 1975 and 1986, with a GVHD prophylaxis of only methotrexate or a combination of methotrexate and cyclosporine. The incidence of severe acute GVHD increased with the degree of HLA mismatch, particularly in patients who received GVHD prophylaxis of only methotrexate, and led to a high incidence of treatment-related mortality. However, because the incidence of relapse was lower in the HLA 1-antigen mismatch group than in the HLA-identical sibling group, the survival rate in the HLA 1-antigen mismatch group was nearly the same as that in the HLA-identical sibling group. In Japan, Kanda et al. [3] analyzed data from 2,947 patients who underwent related HSCT for leukemia or myelodysplastic syndrome between 1991 and 2000 using the Japan Society for Hematopoietic Cell Transplantation (JSHCT) database. The presence of HLA antigen mismatch was identified as an independent risk factor for the development of grade 3-4 acute GVHD and decreased survival. The impact of HLA mismatch on survival was more apparent in the standard-risk patients. One-antigen mismatch had little effect on survival in the high-risk patients, which is in concordance with the findings of a previous study [1] . Survival after HSCT from an HLA-1 antigen mismatched related donor was the same as that after HSCT from an HLA-A, HLA-B, and HLA-DR antigen-matched MUD in either the standard-risk or high-risk group (Table 1) . According to these findings, a single-antigen mismatched related donor is considered to be a good alternative donor to an MUD when immediate HSCT is necessary.
Transplant procedures and supportive care continue to improve, and thus the results of previous studies may not reflect the current situation. Furthermore, the outcomes of single-antigen mismatch-related HSCT were compared to those from a HLA-A, HLA-B, and HLA-DR antigen-matched MUD in a previous Japanese study [3] , as information on HLA allele matching in unrelated transplantation was insufficient at that time. Therefore, we compared the clinical outcomes of transplantation from a related donor with an HLA single-antigen mismatch at the HLA-A, HLA-B, or HLA-DR locus in the GVH direction (RD/1AG-MM-GVH) (n = 327) and that with an HLA 8/8 allele (HLA-A, HLA-B, HLA-C, and HLA-DRB1) MUD (8/8 MUD) (n = 452) [9] ( Table 1 ). The overall survival was significantly lower in the RD/1AG-MM-GVH group than in the 8/8 MUD group due to the increase in non-relapse mortality, particularly in the standard-risk group. The incidence of severe acute GVHD was significantly higher in the RD/1AG-MM-GVH group, with a major difference found in the rate of GVHD as the primary cause of death between the two groups (8/8 MUD 4.4 % vs. RD/1AG-MM-GVH 16.9 %). We then analyzed the impact of different types of antigen mismatch on clinical outcome. We found that HLA-B mismatch was associated with a lower overall survival and higher non-relapse mortality in the standard-risk group, but showed no effect on relapse incidence. Transplantation cases with an HLA-B mismatch tended to have an additional HLA-C mismatch due to linkage disequilibrium, which may explain the lower survival rate in the HLA-B mismatch group. However, as the incidence of severe acute GVHD did not vary based on the mismatch antigen, the reason for the high non-relapse mortality seen in the HLA-B mismatch group remains unknown. We also compared the clinical outcomes of HSCT from RD/1AG-MM-GVH and UCB [15] . Although the survival rates were comparable between the two groups, the nonrelapse mortality rate was significantly higher in the RD/ 1AG-MM-GVH group, due to the higher incidence of acute and chronic GVHD. Interestingly, the incidence of acute GVHD in the RD/1AG-MM-GVH group-administered anti-thymocyte globulin (ATG) was comparable to that in the UCB group. Furthermore, the survival rate tended to be higher in the RD/1AG-MM-GVH group than in the UCB group, probably due to a comparable GVHD incidence and a lower incidence of graft failure or infection in the RD/ 1AG-MM-GVH group. The adverse effect of the HLA-B mismatch on survival disappeared in the RD/1AG-MM-GVH group-administered ATG, suggesting that HLA-B mismatch may have induced an allo-immune reaction and related complications in the RD/1AG-MM-GVH group.
In contrast to our findings, Valcarcel et al. analyzed HSCT reported to the Center for International Blood and Marrow Transplant Research (CIBMTR) between 1995 and 2005. This study compared transplantations from single-antigen mismatch-related donors (n = 89) and 8/8 MUDs (n = 700) and found no significant difference in survival following transplantation to treat AML and ALL in the first or second complete remission [16] (Table 1) . This difference from our results may be partly explained by the fact that, in the Valcarcel study, the MUD group included a significantly smaller number of ALL patients with low-risk cytogenetics. Alternatively, it can be explained by less severe GVHD and a possibly lower rate of GVHD-associated mortality in 8/8 MUD transplantation in the JMDP cohorts due to genetic homogeneity, and potential matching of HLA haplotypes, some of which are highly conserved [17] .
Area undetermined in the HLA 1-antigen mismatched related transplantation As discussed above, HLA matching is usually evaluated at the antigen level for HLA-A, HLA-B, and HLA-DR loci in related HSCT. However, because HLA-B mismatch has an adverse effect on overall survival, HLA-C and HLA-B mismatches should be separately evaluated in the future. Furthermore, allele matching was not considered in two recent studies [9, 16] . Whether the presence of allele mismatch in addition to the single-antigen mismatch (two or more allelic mismatches in total) affects the transplantation outcome is also an important clinical question in transplantation from an RD/1AG-MM-GVH donor. We did not observe a significant effect of the number of allelic mismatches on survival after transplantation from an RD/ 1AG-MM-GVH donor, possibly due to the small sample size [9] . Thus, HLA-C and allelic information is required to elucidate the impact of HLA mismatch in HLA 1-antigen mismatched related HSCT.
A new strategy to overcome the HLA barrier The probability of identifying an HLA 1-antigen mismatched sibling is only 3 % [18] . A number of approaches have been developed to further expand donor availability and overcome the ''HLA barrier''. The use of ex vivo T-cell depletion, in vivo T-cell depletion, or post-transplant cyclophosphamide administration enables transplantation from a related donor with multiple HLA mismatches [19] [20] [21] [22] [23] [24] [25] . Although the risks of relapse and infection are a major problem following HSCT using these methods, transplantation using these methods seems to have overcome the HLA barrier and results in a good clinical outcome for patients who require transplantation, but lack an HLAidentical sibling.
Effects of HLA mismatch in unrelated bone marrow transplantation
High-resolution typing methods have been able to analyze the DRB1 locus since the 1990s, and several studies published in the 1990s analyzed the effect of DRB1 alleles in HLA antigen-matched MUD transplantation without information on HLA-A and HLA-B allele mismatches [26, 27] . HLA-DRB1 allele mismatch was found to be an independent risk factor for acute GVHD in these studies, (Table 2) . They found that a mismatch in the HLA-A, HLA-B, HLA-C, or HLA-DRB1 allele was significantly associated with an increased risk of severe acute GVHD in multivariate analysis, although donors with multiple allele mismatches were included in the analysis. When a single HLA mismatch group was compared with an HLA match group, HLA-DRB1 mismatch was not associated with an increased risk of severe acute GVHD. They further analyzed 1,790 leukemia patients who received a transplant between 1993 and 2000; they reported that HLA-A, HLA-B, and HLA-C, but not HLA-DRB1 mismatch, were associated with severe acute GVHD [30] . HLA-A, HLA-B and HLA-DQB1 mismatches were identified as a risk factor for worse survival. In a recent National Marrow Donor Program (NMDP) study, Lee et al.
[31] analyzed 3,857 leukemia patients who received grafts from unrelated donors. In a sub-analysis, they compared the clinical outcome of HSCT from a 7/8 MUD with that from an 8/8 MUD. HLA-A and HLA-B allele mismatches and HLA-C antigen mismatch were associated with an increased incidence of grade 2-4 acute GVHD, but HLA-DRB1 mismatch was not identified as a risk factor. HLA-A and HLA-DRB1 allele mismatches and HLA-C antigen mismatch were identified as independent risk factors for decreased survival. The different findings of the CIBMTR and JMDP studies, particularly regarding survival, may be due to differences in HLA distribution in different races and the different HLA mismatch combinations at each locus. In addition, inclusion criteria for HLA matching slightly differ. Donors with antigen or allele mismatch for HLA-A, HLA-B, HLA-C, or HLA-DRB1 were included in the CIBMTR study, while donors were HLA-A, HLA-B, and HLA-DR antigen-matched in the JMDP study.
Impact of time of transplantation
The impact of HLA mismatch on GVHD can be influenced or modulated by various patient and transplant backgrounds, particularly the intensity of GVHD prophylaxis, which changed over time. Kanda et al. [32] (Table 2 ). An HLA-C antigen/allele mismatch was significantly associated with severe acute GVHD in the 1993-1999 period, whereas HLA-A, HLA-B, and HLA-DRB1 allele mismatches were identified as significant risk factors for severe acute GVHD in the 2000-2009 period. In the analysis of survival, HLA-B allele mismatch was associated with worse survival in the early period, whereas HLA-C allele/antigen and HLA-DRB1 allele mismatches were associated with worse survival in the later period. This study revealed that the impact of a single HLA allele mismatch changed over time, and the negative impact of HLA-DRB1 and HLA-C mismatches became apparent in the more recent cohort. Information on the risk of acute GVHD associated with HLA mismatches at each locus (a high GVHD risk associated with HLA-A and HLA-B allele mismatches and low risk associated with HLA-DRB1 allele mismatches, observed in the early period in Japan) may have prompted physicians to adjust the intensity of GVHD prophylaxis depending on the mismatch locus. Such practice may have contributed to the change in the HLA impact observed in the later period.
Antigen mismatch versus allele mismatch
Allele mismatches are considered more tolerable than antigen mismatches. Flomenberg et al. [33] confirmed this perception in their analysis of NMDP. However, this group included donors with multiple HLA mismatches, and a certain HLA mismatch was compared with an HLA match by adjusting for the presence of other mismatches at other loci. A recent large CIBMTR study has directly compared single-antigen/allele mismatches with 8/8 MUD and reported that the adverse effect of allele mismatches on survival is comparable to that of antigen mismatches, except for HLA-C mismatches [31] . However, evidence based on clinical outcomes in cases of antigen versus allele mismatches in unrelated transplantation is less robust due to the small sample size and heterogeneous backgrounds of study subjects in each antigen or allele mismatch group. Because expansion of donor candidates to single-antigen mismatched donors substantially increases the possibility of finding a donor in an unrelated donor pool and shortens the donor coordination period, external validation of these results in other large registry data is warranted.
High-risk HLA mismatch combinations
The range of HLA mismatch includes various HLA combinations between recipients and donors. Kawase et al. [34] analyzed the impact of HLA mismatch combinations on grade 3-4 acute GVHD and overall survival. They found that 16 mismatch combinations (four for HLA-A, one for HLA-B, seven for HLA-C, one for HLA-DRB1, one for HLA DRB1/DQB1, and two for HLA-DPB1) are significantly associated with severe acute GVHD. When they are combined as a non-permissive mismatch group and others as a permissive group, the outcomes of HSCT from mismatched unrelated donors without a non-permissive mismatch were comparable to that from 8/8 MUD. One and two or more non-permissive mismatch was significantly associated with higher incidence of severe acute GVHD and overall mortality. They also found that a specific amino acid replacement at a specific position of the HLA-A or HLA-C locus increases the risk of severe acute GVHD, suggesting that allo-reactivity may be influenced by a specific conformational change in the HLA molecule.
Effects of HLA mismatch in UCBT
The effect of HLA mismatch in UCBT may differ from that in bone marrow or peripheral blood stem cell transplantation, as up to two HLA mismatches can be tolerated and do not affect the success of the transplantation with standard GVHD prophylaxis, and the cellular composition of UCB and bone marrow/peripheral blood stem cells is significantly different. Rubinstein et al. [11] reported that the incidence of severe acute GVHD was lower in patients receiving HLA-matched UCB than in patients receiving HLA mismatched UCB, but the GVHD risk was not associated with the number of mismatches (Table 3) . Barker et al. performed the analysis using larger cohorts (n = 1,061) of HSCT using single UCB units from the New York Blood Center. They showed that recipients of HLA-matched UCB had significantly lower incidence of severe acute GVHD than recipients of HLA single-mismatched UCB, whereas recipients of HLA 2-3 mismatched UCB had a higher GVHD incidence [35] . In addition, compared with recipients of single-mismatched UCB containing total nucleated cell doses of 2.5-4.9 9 10 7 / kg, recipients of HLA-matched UCB showed lower treatment-related mortality and overall morality. These results suggest that HLA-matched UCB, if available, is preferred for reducing GVHD incidence and mortality.
However, the cohorts analyzed in these studies were mostly children or young adults. The effect of HLA disparity may differ in adults, as total nucleated cell doses and doses of other cellular components, such as T cells, per recipient weight are much lower compared to those in pediatric patients. To reveal the impact of HLA matching in both pediatric and adult cohorts, Atsuta et al. [36] analyzed the impact of HLA mismatch on outcomes of UCBT separately in 498 children and 1,880 adults with leukemia (Table 3 ). In agreement with the results from the US and European cohorts, the risk of grade 2-4 acute GVHD was significantly increased in pediatric patients receiving HLA mismatched UCB. Patients receiving HLA 2-mismatched UCB showed a significantly increased risk of overall mortality and transplant-related mortality compared to those receiving HLA-matched UCB. Interestingly in adults, in contrast to the results in children, the risks of grade 2-4 acute GVHD in mismatched UCB recipients did not differ as compared with matched UCB recipients. The risk of mortality did not increase with the number of mismatched loci. This study showed that HLA disparity had little impact on transplant outcomes in adult recipients. These findings should be externally validated in other large adult cohorts. Recently, transplantation using double UCB units has been increasingly performed in adults in the USA and Europe, as it is difficult to find UCB units capable of providing a sufficiently large total nucleated cell dose per recipient weight in adults, since the average adult body weight is higher than that in Asian countries [37, 38] . The impact of HLA mismatch between a recipient and UCB units or between UCB units in double UCBT will also be explored in the future.
Impact of HLA-C mismatch
Recently, Eapen et al. [39] have analyzed the effects of HLA-C mismatch in UCBT in addition to the standard mismatch counting of HLA-A and HLA-B antigens and HLA-DRB1 allele (Table 3) . In this analysis, the risk of grade 2-4 acute GVHD was not significantly associated with the number of HLA mismatches or locus-specific mismatches. Additional HLA-C mismatch did not affect the incidence of acute GVHD. On the other hand, transplantrelated mortality was significantly higher in patients who received a UCB unit matched at the HLA-A, HLA-B, and HLA-DRB1 loci or with a single mismatch at the HLA-A, HLA-B, or HLA-DRB1 locus, if HLA-C was additionally mismatched. This study suggests the need for HLA-C typing and selection of units that are at least HLA-C antigenmatched to reduce treatment-related mortality. Because this study included mostly children and young adults, a separate analysis of adults and children may be needed to extend the interpretation of this finding to adult UCBT.
Impact of HLA mismatch direction
Theoretically, the HLA mismatch direction is important when considering the risk of acute GVHD because UCB mismatched only in the HVG direction would have a similar risk of acute GVHD as matched UCB. However, we showed that there is no difference between the incidence of acute GVHD according to mismatch direction [40] . The HLA mismatch direction also did not have an impact on overall survival. A similar finding regarding GVHD incidence was reported from the New York Blood Center [41] .
HLA mismatch counting criteria Differences in HLA mismatch counting in UCB unit selection should be considered when interpreting the results of Japan and US/European countries. HLA mismatch counting in clinical practices in US and European countries is at the antigen level for HLA-A and HLA-B and at the allele level for HLA-DRB1, whereas mismatch counting is at the antigen level for HLA-A, HLA-B, and HLA-DR in Japan. There is no robust evidence to support counting of the HLA-DRB1 locus at the allele level. Possibly, an antigen-or allele-level mismatch at the DRB1 locus would not substantially affect clinical outcomes [36, 40] . Differences in the effects of antigen and allele mismatch on UCB outcomes will be extensively studied in the near future. Furthermore, as discussed, an HLA-C mismatch may be added to the standard HLA matching criteria.
Conclusions
The effect of HLA mismatch differs depending on various factors, such as stem cell source, GVHD prophylaxis, year of transplant, recipient age, and possibly race. Therefore, results should be cautiously interpreted, and clinical decisions should be taken after consideration of all such factors. Importantly, information on the effect of HLA mismatch should be constantly updated using more recent and homogeneous cohorts.
